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UHGXFHG GRZQVWUHDP FDSDFLW\ FRQJHVWLRQ LV FUHDWHG OHDGLQJ WR DQ DGGLWLRQDO FRQJHVWLRQLQGXFHG
FDSDFLW\GURSGXHWRWKHQHHGIRUYHKLFOHVWRDFFHOHUDWHIURPORZVSHHGVZLWKLQWKHFRQJHVWLRQWRKLJKHU
VSHHGVGRZQVWUHDPRIWKHFRQJHVWLRQKHDG3DSDJHRUJLRXHWDO:RUN]RQHPDQDJHPHQWDLPVDW
VDIHZRUNLQJFRQGLWLRQVIRUZRUN]RQHZRUNHUVDVZHOODVVDIHDQGHIILFLHQWSDVVDJHRIYHKLFOHV,QWKH
SDVWVHYHUDOSURFHGXUHVDQGVWUDWHJLHVKDYHEHHQSURSRVHGRUXVHGWRLPSURYHWUDIILFFRQGLWLRQVDWZRUN
]RQHVLQFOXGLQJVSHHGOLPLWDWLRQVDVZHOODVVLJQLQJPDUNLQJVDQGSDUWLFXODUJHRPHWULFGHVLJQVHHHJ
/LQHW DO )+:$ :HLDQG3DYLWKUDQ0RUH UHFHQWO\ UHDOWLPHPHUJLQJ WUDIILF
FRQWUROZDV SURSRVHG /HQW]DNLV HW DO  DLPLQJ DW WKURXJKSXWPD[LPL]DWLRQ DQGPLQLPL]DWLRQ RI
GHOD\VLQZRUN]RQHVLQDVLPLODUZD\DVWKHPDLQVWUHDPWUDIILFIORZFRQWUROFRQFHSWE\&DUOVRQHWDO
DOEHLWE\XVHRIWUDIILFOLJKWVLQVWHDGRIYDULDEOHVSHHGOLPLWV
7KLVSDSHUFRQWLQXHVRQWKHZRUNRI/HQW]DNLVHWDOLPSURYLQJRQWKHXWLOL]HGFRQWUROVWUDWHJ\
DQG LQYHVWLJDWLQJ WKH PRVW DSSURSULDWH SRVLWLRQLQJ RI WKH WUDIILF OLJKWV ZKHQ DSSO\LQJ UHDOWLPH WUDIILF
FRQWURO7KHGLVWDQFHEHWZHHQ WKH WUDIILF OLJKWV DQG WKHPHUJH DUHD LV FUXFLDO DV LW DIIHFWV WKH YHKLFOHV¶
EHKDYLRU DQG SDUWLFXODUO\ WKH DFTXLUHG VSHHG ZKHQ DSSURDFKLQJ WKH PHUJH DUHD ,W LV VKRZQ WKDW WKH
DSSURSULDWHORFDWLRQRIWKHWUDIILFOLJKWVPD\LPSURYHWKHUHVXOWVRIPHUJLQJWUDIILFFRQWURODVWKHFDSDFLW\
GURSFDQEHUHGXFHGRUHYHQHOLPLQDWHGLQFDVHRISURSHUPHUJLQJYHKLFOHVSHHGDQGWKLVFRQWULEXWHVWRD
PRUHHIILFLHQWDQGVDIHSDVVDJHWKURXJKWKHPHUJHDUHD
$QRWKHUQRYHOLVVXHDGGUHVVHGLVWKHFDOLEUDWLRQRIWKHHPSOR\HGUHJXODWRUSDUDPHWHUVIRUWKHDSSOLHG
FRQWURO VWUDWHJ\ZLWKSDUWLFXODU IRFXVRQD UHFHQWO\SURSRVHG .RXYHODV .RXYHODVHW DO
DXWRPDWLF ILQHWXQLQJ SURFHGXUH DLPLQJ DW RSWLPL]LQJ WKH UHJXODWRU SDUDPHWHUV DQG HQVXULQJ EHVW
SHUIRUPDQFHRIWKHXWLOL]HGFRQWUROVWUDWHJ\
:RUN=RQH7UDIILF&RQWURO
0HUJHDUHD
$ W\SLFDOPRWRUZD\ZRUN ]RQH DUHD LV VNHWFKHG LQ )LJ D7KH YHKLFOHV DUULYLQJ RQ0 ODQHVPXVW
FKDQJHODQHVDSSURSULDWHO\ZLWKLQWKHW\SLFDOO\WUDSH]RLGDOPHUJHDUHDRUHDUOLHUVRDVWRILWLQWRWKHȝ
ODQHVRIWKHH[LWZKHUH0LVKLJKHUWKDQȝ7KHPHUJLQJSURFHGXUHPD\EHTXLWHFRPSOH[LQWHUPVRIWKH
UHTXLUHGYHKLFOHPDQHXYHUVHVSHFLDOO\ZKHQWKHDUULYLQJIORZLVKLJKHUWKDQWKHZRUN]RQHIORZFDSDFLW\
7KHFDSDFLW\RIZRUN]RQHDUHDVLVXVXDOO\ORZHUWKDQWKHPDLQVWUHDPPRWRUZD\FDSDFLW\GXHWRWKH
GURSRIRQHRUPRUHODQHVDWWKHZRUN]RQHHQWUDQFH)LJEGLVSOD\VDW\SLFDOIORZGHQVLW\GLDJUDPIRU
WKHPHUJHDUHDZKHUHWKHIORZ RXWT LVWKHPHUJHDUHDH[LWIORZDQG 1 LVWKHQXPEHURIYHKLFOHVLQFOXGHG
LQWKHPHUJHDUHD:KHQWKHQXPEHURIYHKLFOHV 1 LQFOXGHGLQWKHPHUJHDUHDLVVPDOOPHUJLQJFRQIOLFWV
DUHVFDUFHDQGVZLIWZKLOHWKHPHUJHDUHDH[LWIORZ RXWT LVFRUUHVSRQGLQJO\ORZ$VWKHDUULYLQJIORZDQG
KHQFH 1 LQFUHDVHPHUJLQJFRQIOLFWVPD\LQFUHDVHEXW RXWT LQFUHDVHVDVZHOOXQWLOIRUDVSHFLILFFULWLFDO
YDOXH FU1  WKH H[LW IORZ UHDFKHV WKH GRZQVWUHDP FDSDFLW\ FDST  ,I 1 LQFUHDVHV EH\RQG FU1  PHUJLQJ
FRQIOLFWVEHFRPHPRUHVHULRXVOHDGLQJWRVXEVWDQWLDOYHKLFOHGHFHOHUDWLRQVDQGHYHQWXDODFFHOHUDWLRQVWKDW
UHGXFHWKHH[LWIORZWRORZHUYDOXHV FT ZKHUH FDS FT T LVWKHFDSDFLW\GURSGXHWRFRQJHVWLRQZKLFKLV
GHHPHG WR GHSHQG RQ YHKLFOH DFFHOHUDWLRQ DW WKH FRQJHVWLRQ KHDG 8QGHU WKHVH FRQGLWLRQV UHDOWLPH
FRQWURORIWKHDUULYLQJIORZPD\EHHPSOR\HGLQRUGHUWRPDLQWDLQWKHQXPEHURIYHKLFOHV 1 LQWKHPHUJH
DUHD FORVH WR LWV FULWLFDO YDOXH FU1 7KLV LV VLPLODU WR ORFDO UDPSPHWHULQJPHDVXUHV 3DSDJHRUJLRX DQG
.RWVLDORVZKHUHLQFRQWUDVWRQO\DSDUWRIWKHDUULYLQJWUDIILFIORZLHRQO\WKHRQUDPSIORZLV
FRQWUROOHGVRDVWRPD[LPL]HWKHPHUJHDUHDWKURXJKSXW
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&RQWUROGHYLFHVDQGUHDOWLPHPHDVXUHPHQWV
0HUJLQJWUDIILFFRQWUROFRXOGEHDSSOLHGE\XVHRIGLIIHUHQWFRQWUROGHYLFHVDLPLQJDWDVPRRWKVDIH
DQGHIILFLHQWPHUJLQJRIYHKLFOHV$SRVVLEOHFRQWUROGHYLFH WR UHJXODWH WKHDUULYLQJ IORZDWZRUN]RQH
DUHDV LV WUDIILF OLJKWV $ VLJQLILFDQW LVVXH ZKHQ DSSO\LQJ ZRUN ]RQH WUDIILF FRQWURO LV WKH SURSHU
SRVLWLRQLQJRIWKHWUDIILFOLJKWVVRDVWRDFKLHYHWKHPRVWHIILFLHQWPHUJLQJRIYHKLFOHV0RUHVSHFLILFDOO\
WKHWUDIILFOLJKWVVKRXOGEHSODFHGVXIILFLHQWO\XSVWUHDPIURPWKHPHUJHDUHDVRWKDWWKHYHKLFOHVVWDUWLQJ
IURP WKH WUDIILF OLJKWV DW ORZ VSHHG KDYH HQRXJK WLPH WR UHDFK WKH DSSURSULDWH VSHHG IRU RUGHUO\ DQG
HIILFLHQWPHUJLQJLHDVSHHGWKDWFRUUHVSRQGVURXJKO\WRFDSDFLW\IORZLQ)LJEFULWLFDOVSHHG7UDIILF
OLJKWVFDQEHDSSOLHGWRDOO ODQHVVLPXOWDQHRXVO\RUWRLQGLYLGXDOODQHVVHSDUDWHO\ ,I QHFHVVDU\ WUDIILF
OLJKWVPD\EHLQVWDOOHGRQO\RQDSDUWRIWKHPRWRUZD\ODQHVZKLOHWUDIILFIORZRQRWKHUODQHVLV
DOORZHGWRHQWHUWKHPHUJHDUHDIUHHO\HJE\SDVVODQHVIRU+29EXVHVHPHUJHQF\YHKLFOHV
,Q RUGHU WR DSSO\ IHHGEDFN FRQWURO DQG PDLQWDLQ WKH QXPEHU RI YHKLFOHV 1 FORVH WR FU1  UHDOWLPH
PHDVXUHPHQWV RU HVWLPDWHV RI 1 DUH QHHGHG $ IUHTXHQWO\ SUDFWLFHGZD\ RI HVWLPDWLQJ 1 LV E\ XVH RI
RUGLQDU\ ORRS GHWHFWRUV SODFHG DW DSSURSULDWH SRVLWLRQV 9LJRV DQG3DSDJHRUJLRX $OWHUQDWLYHO\
RQHPD\HPSOR\RFFXSDQF\PHDVXUHPHQWVDQGWDUJHWDFULWLFDORFFXSDQF\YDOXH FUR LQVWHDGRI FU1 DVLQ
$/,1($UDPSPHWHULQJ





)LJD7\SLFDOPRWRUZD\ZRUN]RQHDUHDDQGEIXQGDPHQWDOGLDJUDPRIDPHUJHDUHD
&RQWURODOJRULWKP
7KHFRQWURODOJRULWKPPDNHVXVHRIUHDOWLPHPHDVXUHPHQWVRUHVWLPDWHVRIWKHQXPEHURIYHKLFOHV 1 
RURFFXSDQF\ R LQWKHQHWZRUNLQRUGHUWRPDLQWDLQ FU|1 1 RU FU|R R ZKLFKPD[LPL]HVWKHPHUJHDUHD
H[LW IORZ7KH IHHGEDFN DOJRULWKP XVHG LQ WKLV VWXG\ IRUPHUJLQJ WUDIILF FRQWURO LV DQ H[WHQVLRQ RI WKH
ORFDOUDPSPHWHULQJVWUDWHJ\$/,1($3DSDJHRUJLRXHWDO$/,1($LVDQLQWHJUDO,W\SH
IHHGEDFNUHJXODWRUJLYHQE\WKHHTXDWLRQ

5 Ö    >  @   T N  T N . R R N   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

ZKHUH N  LV WKH GLVFUHWHWLPH LQGH[  T N GHQRWHV WKH FRQWUROOHG HQWHULQJ IORZ WR EH
LPSOHPHQWHG GXULQJ WKH QH[W SHULRG N  5 !. LV D UHJXODWRU SDUDPHWHU  R N LV WKH ODVW PHDVXUHG
RFFXSDQF\DQG ÖR LVDVHWGHVLUHGYDOXHIRUWKHGRZQVWUHDPRFFXSDQF\RIWKHPRWRUZD\$W\SLFDO
VHWYDOXHLV FUÖR R LQZKLFKFDVHWKHPRWRUZD\H[LWIORZEHFRPHVFORVHWR FDST 7KHVDPHHTXDWLRQFDQ
EH XVHG LI WKH QXPEHU RI YHKLFOHV 1 LV PHDVXUHG LQVWHDG RI WKH RFFXSDQF\ SHUFHQWDJH :LWKLQ WKH
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PLFURVFRSLFVLPXODWLRQHQYLURQPHQWWKHSHUIRUPDQFHRIWKHGHVFULEHGUHJXODWRUZDVVRPHWLPHVVOXJJLVK
DQGWKHUHIRUHDSURSRUWLRQDOLQWHJUDO3,W\SHUHJXODWRULVXVHG:DQJDQG3DSDJHRUJLRXZKLFK
DSSHDUVPRUHUHOLDEOHIRUWKHSUHVHQWLQYHVWLJDWLRQ7KH3,W\SHUHJXODWRUUHDGV

3 ,
Ö    >    @ > 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

ZKHUH 3. DQG ,. GHQRWH WKHUHJXODWRUSDUDPHWHUV IRU WKHSURSRUWLRQDODQG LQWHJUDO WHUPV UHVSHFWLYHO\
WKDWPXVWEHVXLWDEO\VSHFLILHGDQG Ö1 LVDVHWGHVLUHGYDOXHIRUWKHGRZQVWUHDPQXPEHURIYHKLFOHV
7KHFRQWURODOJRULWKPLVDFWLYDWHGDWHDFKWLPHLQWHUYDO7 LQVDQGFDOFXODWHVWKHHQWHULQJIORZ  T N 
LQ YHKK WR EH LPSOHPHQWHG LQ WKH QH[W LQWHUYDO N YLD DSSURSULDWH RSHUDWLRQ RI WKH FRQWURO GHYLFHV
WUDIILF OLJKWV 7KHUH DUH GLIIHUHQW SRVVLEOH PHWHULQJ SROLFLHV WR WUDQVODWH WKH GHFLVLRQ RI WKH FRQWURO
VWUDWHJ\ LH WKH IORZ  T N  LQWRFRUUHVSRQGLQJ WUDIILF OLJKW VHWWLQJVHJRQHFDUSHUJUHHQQFDUVSHU
JUHHQ IXOO WUDIILF F\FOH GLVFUHWH UHOHDVH UDWHV HWF VHH 3DSDJHRUJLRX DQG 3DSDPLFKDLO  $ IXOO
WUDIILFF\FOHSROLF\ LVHPSOR\HGKHUHVRDV WRPD[LPL]H WKHUHVXOWLQJ IORZFDSDFLW\RI WKH WUDIILF OLJKWV
7KH IORZ WR EH LPSOHPHQWHG LQ WKH QH[W FRQWURO SHULRG 7 PD\ EH GLVWULEXWHG HTXDOO\ DPRQJ WKH
PRWRUZD\ODQHVYLDFRUUHVSRQGLQJLQGLYLGXDOWUDIILFOLJKWVIRUHDFKODQHZKLOHDVKLIWRIIVHWVKRXOGEH
DSSOLHGIRUWKHVLJQDOF\FOHVWDUWRIHDFKWUDIILFOLJKWUHODWLYHWRWKHF\FOHVRIWKHRWKHUWUDIILFOLJKWVVRDV
WRHQDEOHWR WKHH[WHQWSRVVLEOHDFRQWLQXRXV IORZDQGDYRLGVLPXOWDQHRXVYHKLFOHGHSDUWXUHV IURPDOO
ODQHVRUQRGHSDUWXUHVGXULQJUHG
$SSOLFDWLRQ6HWXS
7KH GHVFULEHG UHDOWLPH ZRUN ]RQH PHUJLQJ FRQWURO FRQFHSW LV LPSOHPHQWHG YLD PLFURVFRSLF
VLPXODWLRQ DW D K\SRWKHWLFDOZRUN ]RQH LQIUDVWUXFWXUH IHDWXULQJ  DUULYLQJ ODQHV DQG  H[LWLQJ ODQHV DV
GHSLFWHG LQ )LJ  7KH WRWDO OHQJWK RI WKH VLPXODWHG PRWRUZD\ VWUHWFK LV  NP WR DFFRPPRGDWH DQ\
IRUPLQJTXHXHOHQJWKZKLOHWKHWUDSH]RLGDOPHUJLQJDUHDZKLFKLVVLWXDWHGPEHIRUHWKHHQGRIWKH
PRWRUZD\VWUHWFKLVPORQJ$VSHHGOLPLWRINPKLVDSSOLHGDORQJWKHZKROHPRWRUZD\VWUHWFK
7KHFDSDFLW\ FDST RIWKHPRWRUZD\XSVWUHDPRIWKHZRUN]RQHDUHDLVVXIILFLHQWO\KLJKWRDFFRPPRGDWH
WKHLQYHVWLJDWHGGHPDQGVFHQDULRZKLOHWKHGRZQVWUHDPFDSDFLW\LVUHGXFHGGXHWRWKHODQHGURSDQGZDV
IRXQGHPSLULFDOO\WRDPRXQWWRYHKKIRUDWUDIILFIORZLQFOXGLQJWUXFNV$QRWKHUIHDWXUHRI
WKHGHVFULEHG LQIUDVWUXFWXUH LV WKDW WKH OHIWPRVW ODQHRI WKHPRWRUZD\ZKLFK LV WKHKLJKVSHHG ODQH LV
UHVHUYHG RQO\ IRU FDUV ZKLOH WUXFNV DUH DOORZHG WR XVH RQO\ WKH RWKHU WZR ODQHV DV LQ VHYHUDO UHDO
PRWRUZD\VVHH)LJ)RUWKHFROOHFWLRQRIPHDVXUHPHQWVIRURSHUDWLRQRUHYDOXDWLRQGHWHFWRUVKDYH
EHHQSODFHGDWGLIIHUHQWSRVLWLRQVDORQJWKHVWUHWFKDVGLVSOD\HGLQ)LJ
7KHFRQWUROFRQFHSWZDVLPSOHPHQWHGIRUDUHSUHVHQWDWLYHGHPDQGVFHQDULRZKLFKKDVDGXUDWLRQRI
KRXUVDQG WUDSH]RLGDOSURILOH$W WKHEHJLQQLQJRI WKHVLPXODWLRQ WKHDYHUDJHGHPDQGDW WKHPRWRUZD\
HQWUDQFH VWDUWV DW D ORZ YDOXH  RI WKH KLJKHVW WUDIILF GHPDQG 7KH GHPDQG LQFUHDVHV JUDGXDOO\
ZLWKLQWKHILUVWPLQXWHVXQWLOLWUHDFKHVDSHDNGHPDQGRIYHKKDQGUHPDLQVDWWKLVYDOXHIRUWKH
QH[WPLQXWHV'XULQJWKLVWLPHSHULRGWKHWUDIILFGHPDQGH[FHHGVWKHPHUJHDUHDFDSDFLW\ FDST ZKLFKLV
H[SHFWHG WR OHDG WR FRQJHVWLRQ DQG UHGXFHG HIILFLHQF\ RI WKH LQIUDVWUXFWXUH 'XULQJ WKH WLPH SHULRG
>PLQPLQ@W  WKH GHPDQG UHGXFHV JUDGXDOO\ EDFN WR WKH LQLWLDO ORZ YDOXH  RI WKH KLJKHVW
GHPDQGDQGUHPDLQVDW WKDWYDOXHIRU WKHUHVWPLQ LHXQWLO WKHHQGRI WKHVLPXODWLRQ$Q\TXHXHV
PXVWEHUHVROYHGDWWKHHQGIRUDOOVFHQDULRVWRREWDLQFRPSDUDEOHUHVXOWV
7KHYHKLFOHW\SHVLQFOXGHGLQWKHGHPDQGVFHQDULRDUHFDUVDQGWUXFNV7KHWUXFNVUHSUHVHQWDQDYHUDJH
RI  RI WKH WRWDO WUDIILF GHPDQG DQG WKLV SHUFHQWDJH UHPDLQV FRQVWDQW LQ DYHUDJH WKURXJKRXW WKH
VLPXODWLRQ:KLOHGHWHUPLQLQJ 1 IRUWKHFRQWURODOJRULWKPWUXFNVDUHFRXQWHGDVHTXLYDOHQWWRWZRFDUV
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7KHUHJXODWRUHTXDWLRQLVDFWLYDWHGHYHU\ 7  VDQGUHFHLYHVWKHUHDOWLPHPHDVXUHPHQWRIWKH
QXPEHU RI YHKLFOHV 1 LQFOXGHG LQ WKH PHUJH DUHD FDOFXODWHG IURP GHWHFWRUV  DQG  LQ )LJ  WR
FDOFXODWH WKH HQWHULQJ IORZ  T N WR EH LPSOHPHQWHG LQ WKH QH[W FRQWURO SHULRG N VR DV WR
PDLQWDLQ FU|1 1  7KH QHZ HQWHULQJ IORZ WR EH LPSOHPHQWHG LV QRW DOORZHG WR H[FHHG WKH
UDQJH >@T YHKK LH D PLQLPXP DQG PD[LPXP IORZ UHVSHFWLYHO\ 6SHFLILFDOO\ WKH
PLQLPXPDGPLVVLEOH IORZ PLQT ZDV VHOHFWHG ORZHU WKDQ WKHGRZQVWUHDPFDSDFLW\ WR HQDEOH D VXIILFLHQW
PDUJLQ IRU UHJXODWRU DFWLRQ IRU WKH VDPH UHDVRQ WKH PD[LPXP DGPLVVLEOH IORZ PD[T ZDV VHOHFWHG
VXIILFLHQWO\ODUJHDQGKLJKHUWKDQ FDST 7KHWUDIILFF\FOHLVIL[HGDQGHTXDOWRWKHFRQWUROLQWHUYDOV
ZKLOHWKHJUHHQDQGUHGSKDVHVDUHFDOFXODWHGDSSURSULDWHO\WRLPSOHPHQWWKHRUGHUHGIORZ  T N ZLWKD
PLQLPXPUHGSKDVHRIVEHLQJFRQVLGHUHGIRUVDIHW\UHDVRQV0RUHVSHFLILFDOO\ WKH IORZ T YHKK LV
WUDQVODWHGLQWRDFRUUHVSRQGLQJJUHHQSKDVH* LQVYLDWKHIROORZLQJHTXDWLRQ

 * T 7 6   

ZKHUH 6 LQYHKKLVWKHVDWXUDWLRQIORZZLWKVXEVHTXHQWDSSOLFDWLRQRIFRQVWUDLQWVIRUWKHJUHHQSKDVH
* PHQWLRQHG HDUOLHU ,Q SDUWLFXODU WKH PLQLPXPUHG FRQVWUDLQW RI  V OHDGV WR D PD[LPXP JUHHQ
PD[ *  VZKLOHIRUWKHJLYHQ PLQT DQGDVDWXUDWLRQIORZRIYHKKWKHPLQLPXPJUHHQUHVXOWLQJ
IURPLVV7KHVDPHJUHHQSKDVHLVLPSOHPHQWHGDWDOOPRWRUZD\ODQHVDOEHLWZLWKDQRIIVHWRIWKH
F\FOH VWDUW DVPHQWLRQHG HDUOLHU ,Q YLHZ RI WKHPLQLPXPUHG FRQVWUDLQW WKHPD[LPXP LPSOHPHQWDEOH
IORZUHVXOWLQJIURPLVYHKK
7KH VSHFLILFDWLRQ RI DSSURSULDWH UHJXODWRU SDUDPHWHU YDOXHV ZDV FRQGXFWHG PDQXDOO\ YLD WULDODQG
HUURU6SHFLILFDOO\ YDULRXV VHWV RI YDOXHVZHUH WHVWHG WKURXJK D VHULHV RI VLPXODWLRQ UXQV FRQVLGHULQJ D
VSHFLILF SRVLWLRQ IRU WKH WUDIILF OLJKWV *LYHQ WKDW WKH HPSOR\HG UHJXODWRU LV QRW YHU\ VHQVLWLYH WR WKH
GLVWDQFH EHWZHHQ WKH PHDVXUHPHQW SRLQW DQG WKH FRQWURO GHYLFH WKDQNV WR LWV IHHGEDFN VWUXFWXUH WKH
SDUDPHWHUYDOXHVUHVXOWHGIURPWKLVLQYHVWLJDWLRQVKRXOGZRUNHTXDOO\ZHOOIRUGLIIHUHQWSRVLWLRQVRIWKH
WUDIILFOLJKWV
,QRUGHUWRVSHFLI\DSUHOLPLQDU\EXWUHDVRQDEOHSRVLWLRQIRUWKHWUDIILFOLJKWVDSULPDU\LQYHVWLJDWLRQ
ZDV FRQGXFWHG XVLQJ D IL[HG IORZ UDWH IRU WKH WUDIILF OLJKWV DQG VHWWLQJ WKH WUDIILF OLJKWV DW GLIIHUHQW
ORFDWLRQV XSVWUHDPRI WKHZRUN ]RQH DUHD IURPPXS WR P LQ VWHSV RI P7KH GLVWDQFH IRU
ZKLFKYHKLFOHVKDGHQRXJKWLPHWRDFTXLUHDVSHHGFORVHWRWKHFULWLFDOYDOXHEHIRUHUHDFKLQJWKHPHUJH
DUHDZDVDURXQGP7KHUHIRUHWKHUHJXODWRUILQHWXQLQJH[SHULPHQWVZHUHFRQGXFWHGE\SRVLWLRQLQJ
WKHWUDIILFOLJKWVPXSVWUHDPIURPWKHPHUJHDUHD)LJ
7KH GHVFULEHG LQIUDVWUXFWXUH ZDV VLPXODWHG E\ XVH RI WKH PLFURVFRSLF VLPXODWRU $,0681 Y
766  XVLQJ WKH VLPXODWRU¶V GHIDXOW SDUDPHWHUV DQG D VLPXODWLRQ WLPH VWHS RI  V 7KH
LPSOHPHQWDWLRQ RI WKH FRQWURO VWUDWHJ\ ZDV GRQH YLD WKH $,0681 $3, $SSOLFDWLRQ 3URJUDPPLQJ
,QWHUIDFH WKDW DOORZV WKH XVHU WR HPXODWH D UHDOWLPH FRQWURO HQYLURQPHQW 6SHFLILFDOO\ WKH VLPXODWRU
GHOLYHUVDWHYHU\FRQWUROSHULRG7 WKHQXPEHURIYHKLFOHV 1 EHWZHHQGHWHFWRUVDQGEDVHGRQWKHVH
PHDVXUHPHQWVWKHFRQWUROVRIWZDUHFDOFXODWHVWKHFRUUHVSRQGLQJWUDIILFOLJKWVHWWLQJVDQGUHWXUQVWKHPWR
WKH PLFURVLPXODWRU IRU DSSOLFDWLRQ 6LQFH WKH $,0681 VLPXODWRU PRGHO LV VWRFKDVWLF GLIIHUHQW
UHSOLFDWLRQVZLWKGLIIHUHQW UDQGRPVHHGVPD\SURGXFHGLIIHUHQW UHVXOWV)RU WKLV UHDVRQ  UHSOLFDWLRQV
ZLWKGLIIHUHQWUDQGRPVHHGVZHUHFDUULHGRXWIRUHDFKH[DPLQHGVFHQDULR

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)LJ7KHZRUN]RQHLQIUDVWUXFWXUHXQGHUFRQVLGHUDWLRQ1XPEHUVFRUUHVSRQGWRHPXODWHGGHWHFWRUORFDWLRQV
6LPXODWLRQ5HVXOWV
1RFRQWUROFDVH
,QWKHQRFRQWUROFDVHDUULYLQJYHKLFOHVHQWHUWKHPHUJHDUHDDQGH[LWZLWKRXWDQ\VHULRXVSUREOHPDV
ORQJ DV WKH DUULYLQJ GHPDQG LV VXIILFLHQWO\ ORZ:KHQ WKH GHPDQG LQFUHDVHV SHDN SHULRGEH\RQG WKH
ZRUN ]RQH FDSDFLW\ YHKLFOH PHUJLQJ FRQIOLFWV DUH REVHUYHG WKDW OHDG WR YHKLFOH GHFHOHUDWLRQV DQG
IRUPDWLRQ RI FRQJHVWLRQ &RQJHVWLRQ VSLOOV EDFN VHYHUDO NLORPHWHUV EXW ZLWKRXW HYHU UHDFKLQJ WKH
VLPXODWHGQHWZRUNHQWUDQFH7KHPHDQRIWKHUHVXOWLQJDYHUDJHYHKLFOHGHOD\V$9'LQVYHKNPIRU
UHSOLFDWLRQVLVZKLOHWKHPLQLPXPDQGPD[LPXPYDOXHVDUHDQGUHVSHFWLYHO\
7KHWUDMHFWRULHVLQ)LJVDDQGEGLVSOD\WKHPHUJHDUHDRXWIORZ RXWT FROOHFWHGIURPGHWHFWRUDQG
WKH QXPEHU RI YHKLFOHV LQ WKH PHUJH DUHD UHVSHFWLYHO\ IRU RQH SDUWLFXODU VLPXODWLRQ UXQ ZLWK
$9'  VYHKNPZKLFKLVFORVHVWWRWKHPHDQ$9'RIWKHUHSOLFDWLRQV8QWLODERXW W  PLQ
WKH QXPEHU RI YHKLFOHV 1 LQ WKHPHUJH DUHD LV VORZO\ LQFUHDVLQJ DV D FRQVHTXHQFH RI WKH LQFUHDVLQJ
GHPDQG ZKLOH WKH PHUJH DUHD RXWIORZ LV VHHQ WR IROORZ WKH LQFUHDVH RI DUULYLQJ GHPDQG UHDFKLQJ
DSSUR[LPDWHO\YHKKLQDYHUDJH$W W  PLQWKHQXPEHURIYHKLFOHVLQWKHPHUJHDUHDLQFUHDVHV
VWHHSO\ GXH WR VHULRXV PHUJLQJ FRQIOLFWV WKDW OHDG WR D VSHHG EUHDNGRZQ DQG WKLV FRQJHVWHG WUDIILF
VLWXDWLRQEHFRPHVVWDWLRQDU\XQWLO W  PLQ7KHRXWIORZGXULQJWKLVWLPHSHULRGLVUHGXFHGWRDURXQG
YHKKLQDYHUDJHGXHWRWKHPHUJHDUHDFRQJHVWLRQFDSDFLW\GURS)LJDVKRZVDVQDSVKRWRIWKH
VLPXODWHGVWUHWFKDW W  PLQZLWKWKHIRUPHGFRQJHVWLRQ$IWHU W  PLQZKHQWKHTXHXHGLVVROYHV
WKHQXPEHURIYHKLFOHVLQWKHPHUJHDUHDLVVHHQWRGURSDQGWKHRXWIORZUHGXFHVWRORZHUYDOXHVGXHWR
WKHGHFUHDVHGGHPDQG9HKLFOHVSHHGPHDVXUHPHQWVFROOHFWHGXSVWUHDPRIWKHPHUJHDUHDDWGHWHFWRU
LQGLFDWH WKDWGXULQJ WKHPD[LPXP WUDIILFGHPDQG SHDNSHULRG WKHUH LVD VHULRXV VSHHGGURSGRZQ WR
DURXQGNPKLQDYHUDJHZKLOHLQWKHUHVWRIWKHVLPXODWLRQKRUL]RQWKHDYHUDJHYHKLFOHVSHHGLVDURXQG
NPKLQDYHUDJH
0HUJLQJFRQWUROFDVH
:KHQUHDOWLPHPHUJLQJWUDIILFFRQWUROLVDSSOLHGWKHPD[LPXPDGPLVVLEOHIORZ PD[  T YHKKLV
RUGHUHGE\WKHUHJXODWRUIRUDVORQJDVWKHQXPEHURIYHKLFOHV 1 LQWKHPHUJHDUHDLVORZHUWKDQWKHVHW
YDOXH Ö1 LQ3,$/,1($¶VHTXDWLRQ$VWKHGHPDQGLQFUHDVHV 1 LQFUHDVHVDVZHOODQGZKHQ  1 N 
DSSURDFKHV Ö1 WKHFRQWUROOHUVWDUWVLWVDFWXDORSHUDWLRQDLPLQJDWPDLQWDLQLQJ  1 N FORVHWR Ö1 $WWKLV
WLPHDTXHXHLVIRUPHGXSVWUHDPRIWKHWUDIILFOLJKWVVLQFHWKHDUULYLQJGHPDQGLVKLJKHUWKDQWKHZRUN
]RQHFDSDFLW\ZKLFKSURSDJDWHVEDFNZDUGVEXWZLWKRXWUHDFKLQJWKHHQWUDQFHRIWKHVLPXODWHGV\VWHP
)LJE VKRZVD VQDSVKRWRI WKH VLPXODWHG VWUHWFKDW W  PLQZLWK WKH IRUPHGTXHXHXSVWUHDPRI WKH
WUDIILFOLJKWV
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$FULWLFDOTXHVWLRQDWWKLVSRLQWLVWKHSURSHUFKRLFHRIWKHUHJXODWRUSDUDPHWHUV 3.  ,. DQGRIWKHVHW
SRLQW Ö1 7KHUHJXODWRUSDUDPHWHUVPD\EHPDQXDOO\ILQHWXQHGIROORZLQJVRPHSUDFWLFDO WULDODQGHUURU
UXOHV IURP&RQWURO(QJLQHHULQJRQFHDSSURSULDWHYDOXHVKDYHEHHQIRXQG WKHUHJXODWRU LVNQRZQWREH
OLWWOH VHQVLWLYH WR UHODWHGPRGHUDWHYDULDWLRQV7KHPDQXDOO\GHULYHGYDOXHVRI UHJXODWRU SDUDPHWHUV 3. 
DQG ,. DUHKDQGKUHVSHFWLYHO\7KHYDOXHRI Ö1 RQWKHRWKHUKDQGVKRXOGEHVHOHFWHGVXFK
WKDW WKHZRUN]RQH WKURXJKSXW LVPD[LPL]HGDFFRUGLQJ WR)LJE ,QD ILHOG LQYHVWLJDWLRQ WKLVPD\EH
DFKLHYHG E\ JUDGXDOO\ LQFUHPHQWLQJ Ö1 DQG PRQLWRULQJ WKH PHDVXUHG RXWIORZ XQWLO D PD[LPXP
WKURXJKSXWLVREWDLQHG,QWKHFXUUHQWFDVHWKHLQYHVWLJDWLRQRIWKH Ö1 YDOXHLVFDUULHGRXWWKURXJKDVHULHV
RI VLPXODWLRQ H[SHULPHQWV ZLWK GLIIHUHQW LQWHJHU Ö1 YDOXHV ZLWKLQ WKH UDQJH Ö >@1 YHK )RU HDFK
LQYHVWLJDWHG Ö1 YDOXH WKH PHDQ $9' RI  UHSOLFDWLRQV LV REWDLQHG )LJ D GLVSOD\V IRU HYHU\
LQYHVWLJDWHG Ö1 YDOXH WKH FRUUHVSRQGLQJ $9' YDOXHV IRU WKH  UHSOLFDWLRQV DV ZHOO DV WKH PHDQ
PLQLPXPDQGPD[LPXP$9'RIDOOUHSOLFDWLRQV7KHPHDQPLQLPXPDQGPD[LPXP$9'YDOXHVIRU
UHSOLFDWLRQVRIWKHQRFRQWUROFDVHDUHDOVRGLVSOD\HGRQWKHVDPHILJXUHIRUFRPSDULVRQ$FFRUGLQJWRWKH
GLVSOD\HGUHVXOWVWKHPHDQ$9'YDOXHLVPLQLPL]HGLQWKHUDQJHRI Ö >@1 YHKDQGSDUWLFXODUO\IRU
Ö1 HTXDOWRYHKLW WDNHVWKHORZHVWYDOXHZKLFKFRUUHVSRQGVWRWKHFULWLFDOYDOXHPHQWLRQHGHDUOLHU
)RUORZHU Ö1 YDOXHVWKHV\VWHPRSHUDWHVDWXQGHUFULWLFDOFRQGLWLRQV)LJEDQGWKHPHUJHDUHD³VWDUYHV
IRUIORZ´ZKLOHIRUKLJKHUVHWSRLQWVWKHPHUJLQJFRQIOLFWVDUHLQFUHDVLQJO\IUHTXHQWDQGVHULRXVOHDGLQJ
WR UHGXFHG WKURXJKSXW ,W LV DOVRQRWHZRUWK\ WKDW WKHPHDQ$9' IRUDOO LQYHVWLJDWHG Ö1 LV VLJQLILFDQWO\
ORZHU WKDQ WKH FRUUHVSRQGLQJ YDOXH RI WKH QRFRQWURO VFHQDULR 3DUWLFXODUO\ IRU Ö 1  YHK WKHPHDQ
$9'LVVYHKKZKLFKLVORZHUWKDQWKHPHDQ$9'RIWKHQRFRQWUROFDVH
)LJV E DQG F GLVSOD\ WKHPHUJH DUHD RXWIORZ RXWT DQG WKH QXPEHU RI YHKLFOHV LQ WKHPHUJH DUHDUHVSHFWLYHO\ IRURQHSDUWLFXODUUHSOLFDWLRQZLWK Ö 1  YHKDQG $9'  VYHKNPZKLFKLVFORVHVW
WRWKHPHDQ$9'YDOXHRIWKHFRUUHVSRQGLQJUHSOLFDWLRQV7KHQXPEHURIYHKLFOHVLQWKHPHUJHDUHDLV
PDLQWDLQHG DURXQG WKH VHWSRLQW Ö 1  YHK UHGGDVKHG OLQH LQ WKH ILJXUH GXULQJ WKHSHDNSHULRG7KH
REVHUYHGVSLNHVDUHGXHWRVWRFKDVWLFDUULYDOVEXWDOVRGXHWRVRPHRFFDVLRQDOYHKLFOHPHUJLQJFRQIOLFWV
WKDW PD\ RFFXU DQG OHDG WR YHKLFOH GHFHOHUDWLRQV LQ WKH PHUJH DUHD WKH DSSURSULDWH UHDFWLRQ RI WKH
UHJXODWRULQVXFKFDVHVJXDUDQWHHVWKDWWKHQXPEHURIYHKLFOHVLQWKHPHUJHDUHDUHPDLQVDURXQGWKHVHW
SRLQWLQDYHUDJH7KHRXWIORZ RXWT PDLQWDLQVLWVDYHUDJHYDOXHDURXQGYHKKGXULQJWKHSHDNSHULRG



)LJD2XWIORZTRXWDQGEQXPEHURIYHKLFOHV1LQWKHQRFRQWUROFDVH
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
EHWZHHQ W  PLQDQG W  PLQDQGEH\RQGWKHSHDNSHULRGIRUVRPHPRUHPLQXWHVEHFDXVHRI
WKHTXHXHGYHKLFOHVDW WKH WUDIILF OLJKWV7KLVPDUNVD UHGXFWLRQRI WKHFRQJHVWHGSHULRGE\PLQ RU
DURXQGFRPSDUHG WR WKHQRFRQWUROFDVH7KHPHDQYHKLFOH VSHHGXSVWUHDPRI WKHPHUJHDUHD LV
VLJQLILFDQWO\ LQFUHDVHGGXULQJ WKHSHDNKRXUV WR NPKH[FHSW IRU WKHRFFDVLRQDOGHSDUWXUHV WR ORZHU
YDOXHVGXHWRFRUUHVSRQGLQJPHUJLQJFRQIOLFWV
,QYHVWLJDWLRQRIWKHSRVLWLRQRIWKHWUDIILFOLJKWV
7KHORFDWLRQRIWKHWUDIILFOLJKWVVKRXOGEHVXIILFLHQWO\XSVWUHDPRIWKHPHUJHDUHDLQRUGHUWRDOORZIRU
WKHYHKLFOHVWRDFFHOHUDWHDQGSDVVWKURXJKWKHPHUJHDUHDHIILFLHQWO\LHZLWKRXWPDMRUGHFHOHUDWLRQVWKDW
JLYHULVHWRWKHFDSDFLW\GURSREVHUYHGLQWKHQRFRQWUROFDVH&RQVLGHULQJDUDQJHRISRVVLEOHGLVWDQFHV
IURPXSWRPUHSOLFDWLRQVZHUHVLPXODWHGIRUHDFKRIWKHP7KHREWDLQHGPHDQ$9'YDOXHVDV
ZHOO DV WKHDFTXLUHGYHKLFOH VSHHGZKHQDSSURDFKLQJ WKHPHUJHDUHD VDYH WKHRFFDVLRQDOGURSVGXH WR
VKRUWODVWLQJ PHUJLQJ FRQIOLFWV DUH WKH PDLQ HYDOXDWLRQ FULWHULD IRU WKH GHWHUPLQDWLRQ RI WKH RSWLPXP
SRVLWLRQRI WKH WUDIILF OLJKWV )LJ DGHSLFWV IRU HYHU\ LQYHVWLJDWHG WUDIILF OLJKWV SRVLWLRQ WKH UHVXOWLQJ
$9' YDOXHV IRU WKH  UHSOLFDWLRQV DV ZHOO DV WKH PHDQ PLQLPXP DQG PD[LPXP $9' RI DOO
UHSOLFDWLRQV7KHPHDQPLQLPXPDQGPD[LPXP$9'YDOXHVRIWKHUHSOLFDWLRQVRIWKHQRFRQWUROFDVH
DUH DOVR GLVSOD\HG RQ WKH VDPH ILJXUH IRU FRPSDULVRQ 7KH PHDQ DYHUDJH YHKLFOH GHOD\ LV ORZ DQG
YLUWXDOO\ FRQVWDQW ZKHQ WKH WUDIILF OLJKWV DUH ORFDWHG  P XSVWUHDP RI WKH PHUJH DUHD RU PRUH ,Q
FRQWUDVWZKHQWUDIILFOLJKWVDUHSODFHGFORVHUWRWKHPHUJHDUHDKLJKHU$9'YDOXHVDUHVHHQWRUHVXOW)LJ
E GLVSOD\V WKH WUDMHFWRULHV RI WKH VSHHGPHDVXUHPHQWV FROOHFWHG XSVWUHDP RI WKHPHUJH DUHD RQO\ IRU

)LJD$YHUDJHYHKLFOHGHOD\YHUVXV Ö1 YDOXHVZLWKDQGZLWKRXWFRQWUROERXWIORZ RXWT DQGFQXPEHURIYHKLFOHV1IRUWKHFRQWUROFDVH
           D
E

)LJ6FUHHQVKRWRIVLPXODWLRQ W  DZLWKRXWFRQWUROEZLWKPHUJLQJWUDIILFFRQWURO
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VHOHFWHGWUDIILFOLJKWVSRVLWLRQVIRUUHDGDELOLW\:KHQWKHWUDIILFOLJKWVDUHSODFHGYHU\FORVHWRWKHPHUJH
DUHD HJ DW  P RU  P YHKLFOHV GR QRW KDYH VXIILFLHQW WLPH WR DFFHOHUDWH DQG LQGHHG LW FDQ EH
REVHUYHG WKDW WKHPHDQVSHHGYDOXHGXULQJ WKHSHDNSHULRG LVTXLWH ORZ LH ORZHU WKDQNPK)RUD
GLVWDQFHHTXDOWRPWKHPHUJLQJYHKLFOHVSHHGLQFUHDVHVUHDFKLQJNPKLQDYHUDJH)RUWKHWUDIILF
OLJKWVSRVLWLRQRIPXSVWUHDPRIWKHPHUJHDUHDWKHDFKLHYHGPHUJLQJYHKLFOHVSHHGKDVLQFUHDVHGWR
DPHDQYDOXHDURXQGNPK)RUHYHQORQJHUGLVWDQFHVHJPWKHVSHHGLVHYHQPRUHLQFUHDVHGWR
DURXQG  NPK 7KH REVHUYHG RFFDVLRQDO VSHHG GURSV DUH GXH WR WHPSRUDO VKDUS YHKLFOH FRQIOLFWV
$SSDUHQWO\GLVWDQFHVOHVVWKDQPDUHOHVVDSSURSULDWHDQGSDUWLFXODUO\IRUGLVWDQFHVOHVVWKDQP
WKH V\VWHP SHUIRUPDQFH FRPHV TXLWH FORVH WR WKH QRFRQWURO FDVH EHFDXVH WKH FDSDFLW\ GURS LV RQO\
SDUWLDOO\ DYRLGHG )RU GLVWDQFHV PRUH WKDQ  P WKHUH LV QR IXUWKHU LPSURYHPHQW VLQFH WKH FULWLFDO
PHUJLQJVSHHGKDVEHHQUHDFKHG7KXVPLVWKHPRVWDSSURSULDWHGLVWDQFHDVLWLVSUHIHUDEOHWRKDYH
WKHWUDIILFOLJKWVFORVHUWRWKHPHUJHDUHD
$SSOLFDWLRQRI$)7WRWKHPHUJLQJFRQWUROVWUDWHJ\
5HFHQWO\ D OHDUQLQJDGDSWLYH DOJRULWKP FDOOHG $)7 $GDSWLYH )LQH7XQLQJ ZDV SURSRVHG .RXYHODV
.RXYHODV HW DO  WR HQDEOH DXWRPDWLF ILQHWXQLQJRI WUDIILF FRQWURO V\VWHPV 7&6 VR DV WR
UHDFKWKHEHVWPHDVXUDEOHSHUIRUPDQFHWKDWLVDFKLHYDEOHZLWKWKHDSSOLHGFRQWUROVWUDWHJ\,QWKLVVHFWLRQ
WKHDXWRPDWLF ILQHWXQLQJPHWKRG LVHPSOR\HGIRU WKHPRWRUZD\ZRUN]RQHPHUJLQJFRQWUROFRQFHSW LQ
RUGHUWRDXWRPDWLFDOO\ILQHWXQHWKHUHJXODWRUSDUDPHWHUVRIWKH3,$/,1($FRQWUROVWUDWHJ\7KHRULJLQDO
DOJRULWKPHPSOR\VDSRO\QRPLDOOLNHDSSUR[LPDWRUVLPLODUWRDQHXUDOQHWZRUNWKDWDSSUR[LPDWHVEDVHG
H[FOXVLYHO\RQDYDLODEOHPHDVXUHPHQWVWKHXQNQRZQQRQOLQHDUSHUIRUPDQFHIXQFWLRQRIWKHSUREOHP)RU
WKLV DSSOLFDWLRQ D SRO\QRPLDO DSSUR[LPDWRU DV ZHOO DV D 6XSSRUW 9HFWRU0DFKLQH 690PRGHO VHH
%XUJHV  DUH XVHG $Q 690PRGHO ZDV UHFHQWO\ XVHG E\ *LDQQDNLV .RQWHV .RVPDWRSRXORV 	
5RYDVZLWKLQ WKH$)7IUDPHLQRUGHU WR ILQHWXQH WKHSDUDPHWHUVRIDEXLOGLQJ¶VFRQWUROOHU7KH
SHUIRUPDQFHIXQFWLRQWREHPLQLPL]HGLVWKHDYHUDJHYHKLFOHGHOD\$9'7KH$)7DOJRULWKP)LJ
UXQVLWHUDWLYHO\ZKHUHRQHLWHUDWLRQFRUUHVSRQGVWRWKHGXUDWLRQRIWKHGHPDQGVFHQDULRKRXUVRURI
RQH GD\ LQ ILHOG DSSOLFDWLRQV $W HDFK LWHUDWLRQ WKH FROOHFWHG PHDVXUHPHQWV DUH XVHG WR XSGDWH DQG
HQKDQFHWKHSHUIRUPDQFHIXQFWLRQDSSUR[LPDWLRQDQGHYHQWXDOO\WRPRGLI\WKHUHJXODWRUSDUDPHWHUVVRDV

)LJD$YHUDJHYHKLFOHGHOD\DQGE6SHHGYHUVXVWLPHIRUGLIIHUHQWWUDIILFOLJKWVSRVLWLRQV
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WRGHFUHDVHWKHYDOXHRIWKHDSSUR[LPDWHGSHUIRUPDQFHIXQFWLRQXQWLOFRQYHUJHQFHWRDQRSWLPDOVROXWLRQ
ORFDOPLQLPXPLVDFKLHYHG
7KH$)7DOJRULWKPLVVWDUWHGZLWKVRPHLQLWLDOYDOXHVIRUWKHSDUDPHWHUVWREHWXQHG:KHQXVLQJDQ
690 DSSUR[LPDWRU WKH DOJRULWKP FRQYHUJHQFHV IDVW WR D FORVH ORFDO PLQLPXP RI WKH SHUIRUPDQFH
IXQFWLRQDQGUHPDLQVWKHUHZKLOHWKHRULJLQDO$)7PD\IHDWXUHPRUHVLJQLILFDQW³MXPSV´LQWKHSDUDPHWHU
VSDFHZLWK FRUUHVSRQGLQJO\ VWURQJHU IOXFWXDWLRQVRI WKHSHUIRUPDQFH IXQFWLRQ ,QRUGHU WRXVH690 D
VXIILFLHQW LQLWLDO VHW RI WUDLQLQJ GDWD LV QHHGHG WR EH DYDLODEOH IRU ILWWLQJ 7KHUHIRUH WKH RULJLQDO $)7
XVLQJ WKHSRO\QRPLDODSSUR[LPDWRU LV DSSOLHG IRU WKH ILUVW LWHUDWLRQVEHIRUH VZLWFKLQJ WR WKH690
XVDJH ,Q SDUWLFXODU IRU WKH ILUVW  LWHUDWLRQV $)7 H[SORUHV D ZLGH UHJLRQ RI DOWHUQDWLYH VHWV RI
SDUDPHWHUV IROORZLQJZKLFK WKH 690 LV XVHG DQG WKH DOJRULWKP FRQYHUJHV WR D FORVH ORFDOPLQLPXP
ZLWKRXWH[SORULQJRWKHUIHDVLEOHUHJLRQV
,QDILUVWH[SHULPHQWWKH$)7DOJRULWKPLVDSSOLHGIRUDFRQWUROVFHQDULRZLWKWKHLQLWLDOYDOXHVRIWKH
WXQDEOH SDUDPHWHU VHW DV IROORZLQJ 3  . K ,  . K DQG Ö 1  YHK 7KHVH DUH WKH RSWLPL]HG
SDUDPHWHU YDOXHV GHULYHG YLD WKH WULDODQGHUURU SURFHGXUH ZKLFK PHDQV WKDW WKHVH YDOXHV UHSUHVHQW
DOUHDG\ D ³JRRG´ VWDUWLQJ SRLQW IRU WKH $)7 DOJRULWKP )LJ D GLVSOD\V WKH $9' YDOXHV WUDMHFWRU\
GHOLYHUHG IRU RQH UXQ RI WKH $)7 DOJRULWKP 6RPH VWURQJ IOXFWXDWLRQV DUH REVHUYHG LQ WKH ILUVW 
LWHUDWLRQVEXWGXULQJWKHUHVWRIWKHILQHWXQLQJSHULRGWKH$)7DOJRULWKPDFKLHYHVNHHSLQJWKH$9'DW
ORZ YDOXHV 7KH $)7 DOJRULWKP FRQYHUJHV WR WKH IROORZLQJ YDOXHV IRU WKH SDUDPHWHUV 3  . K
,  . K DQG Ö 1  YHK 7KH GHOLYHUHG VHW RI YDOXHV ZDV WKHQ DSSOLHG ZLWKLQ WKH ZRUN]RQH
FRQWURO FRQFHSW LQ RUGHU WR FRPSDUH WKH V\VWHP SHUIRUPDQFH EHIRUH DQG DIWHU WKH XVH RI WKH $)7
DOJRULWKP7KHUHVXOWLQJPHDQ$9'IRUUHSOLFDWLRQVLVVYHKNPZKLFKLVDURXQGORZHUWKDQ
WKHPHDQ$9'RIWKHLQLWLDOFRQWUROVFHQDULREHIRUHXVLQJWKH$)7DOJRULWKP
,Q D VHFRQG $)7 H[SHULPHQW WKH VWDUWLQJ YDOXHV IRU WKH WXQDEOH SDUDPHWHUV ZHUH VHW 3  . K
,  . K DQG Ö 1  YHK 7KLV VHW RI SDUDPHWHUV ZDV DUELWUDULO\ VHOHFWHG LQ RUGHU WR LQYHVWLJDWH WKH
DOJRULWKP¶VEHKDYLRU7KHVLPXODWHGUHSOLFDWLRQUHVXOWVIRUWKHFRQWUROVFHQDULRXVLQJWKHVHSDUDPHWHU
YDOXHV OHDG WR TXLWH KLJK $9' YDOXHV ZLWK D PHDQ $9' DURXQG  VYHKNP )LJ E SUHVHQWV WKH
WUDMHFWRU\ RI WKH$9' YDOXHV GXULQJ WKH $)7 ILQHWXQLQJ SURFHVV ,W LV YLVLEOH WKDW WKH REWDLQHG$9'
YDOXHVSHUWXUEDWHGXH WR WKH VHDUFKSURFHVVRI WKH$)7DOJRULWKPEXW ILQDOO\$)7DFKLHYHV WR ORFDWHD
VDWLVIDFWRU\VHWRISDUDPHWHUVWKDWOHDGVWRORZ$9'YDOXHV7KH$)7DOJRULWKPFRQYHUJHVWR 3  . 
K ,  . K DQG Ö 1  YHK DQG WKH FRUUHVSRQGLQJ PHDQ $9' IRU  UHSOLFDWLRQV LV 
VYHKNPZKLFKLVDURXQGORZHUWKDQWKHPHDQ$9'RIWKHVWDUWLQJFRQWUROVFHQDULREHIRUHXVLQJ
$)77KHSHUIRUPDQFHZLWKWKHREWDLQHGSDUDPHWHUYDOXHVLVHYHQVOLJKWO\EHWWHUWKDQWKHPDQXDOO\ILQH
WXQHGUHJXODWRUSDUDPHWHUV
,Q D WKLUG $)7 H[SHULPHQW WKH VWDUWLQJ YDOXHV IRU WKH WXQDEOH SDUDPHWHUV ZHUH 3  . K
,  . KDQG Ö 1  YHKZLWKDFRUUHVSRQGLQJPHDQ$9'IRUUHSOLFDWLRQVDURXQGVHFYHKNP
7KHVH YDOXHV FRUUHVSRQG WR D YHU\ ³EDG´ VHW RI UHJXODWRU SDUDPHWHUV DQG WKH\ DUH VHOHFWHG LQ RUGHU WR
LQYHVWLJDWH WKHSHUIRUPDQFHRI WKH$)7DOJRULWKPDQG WKHYDOXHV WKDW LW LVJRLQJ WRFRQYHUJH WRXQGHU
YHU\XQIDYRUDEOHVWDUWLQJFRQGLWLRQV)LJFSUHVHQWV WKH WUDMHFWRU\RI WKH$9'YDOXHVGXULQJ WKH ILQH
WXQLQJSURFHVV'XULQJWKHILUVWLWHUDWLRQVWKH$9'YDOXHVDUHTXLWHKLJKKRZHYHUDIWHUWKHWKLWHUDWLRQ
WKH$)7DOJRULWKPPDQDJHVWROHDGDQGNHHSWKH$9'DWORZHUYDOXHV7KH$)7DOJRULWKPFRQYHUJHVWR
3  . K ,  . K DQG Ö 1  YHK 7KH REWDLQHG YDOXHV RI 3. DQG ,. DUH UHODWLYHO\
FORVH WR WKH LQLWLDO RQHV EXW WKH YDOXH Ö1 KDV EHHQ UHGXFHG D ORW 7KH UHVXOWLQJ PHDQ $9' IRU 
UHSOLFDWLRQV LV  VYHKNPZKLFK LV  ORZHU WKDQ WKHPHDQ$9'RI WKH VWDUWLQJ FRQWURO VFHQDULR
DOEHLWVOLJKWO\ZRUVHWKDQLQWKHPDQXDOO\ILQHWXQHGFDVH
7KH GHVFULEHG H[SHULPHQWV VKRZ WKDW WKH $)7 DOJRULWKP FDQ LPSURYH WKH V\VWHP SHUIRUPDQFH
LQGHSHQGHQWO\RIWKHVWDUWLQJSRLQWV1HYHUWKHOHVV WKHVHOHFWLRQRIDW OHDVWURXJKO\DSSURSULDWHVWDUWLQJ
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YDOXHVIRUWKHUHJXODWRUSDUDPHWHUVHJGHULYHGIURPPDQXDO ILQHWXQLQJPD\EHQHFHVVDU\LQRUGHUWR
DFKLHYHEHVWSHUIRUPDQFHRIWKHXWLOL]HGFRQWUROVWUDWHJ\









)LJ:RUNLQJSULQFLSOHRI$)7IRUDXWRPDWLFFDOLEUDWLRQ
&RQFOXVLRQV
$FRQWUROVFKHPHZDVGHYHORSHGIRUUHDOWLPHPHUJLQJ WUDIILFFRQWURODWZRUN]RQHVZLWK ODQHGURS
DQGZDV DSSOLHG WR D K\SRWKHWLFDOZRUN ]RQHPRWRUZD\ LQIUDVWUXFWXUHZLWKLQ DPLFURVFRSLF VLPXODWLRQ
HQYLURQPHQW7KHFRQWURODOJRULWKPXVHGIRUZRUN]RQHPDQDJHPHQWLVDQH[WHQVLRQRIWKHZHOONQRZQ
ORFDO UDPS PHWHULQJ VWUDWHJ\ $/,1($ ZKLOH WKH FRQWURO GHYLFHV WR LPSOHPHQW WKH FRQWURO DOJRULWKP
GHFLVLRQV DUH WUDIILF OLJKWV ORFDWHG VXIILFLHQWO\ XSVWUHDP RI WKH ZRUN ]RQH DUHD 7KH UHSRUWHG UHVHDUFK
DGGUHVVHG WKH DSSURSULDWH GLVWDQFH EHWZHHQ WKH WUDIILF OLJKWV DQG WKHPHUJH DUHD DQG GHPRQVWUDWHG LWV
VLJQLILFDQFH IRU WKURXJKSXW PD[LPL]DWLRQ RU HTXLYDOHQWO\ GHOD\ PLQLPL]DWLRQ YLD DYRLGDQFH RI WKH
FDSDFLW\GURS$OWKRXJKVDIHW\LVVXHVZHUHQRWH[SOLFLWO\DGGUHVVHGZHEHOLHYHWKDWWKHSUHVHQWHGVFKHPH
VKRXOG DOVR LPSURYH RQ VDIHW\ GXH WR VPRRWKHU PHUJLQJ $ IXUWKHU LQYHVWLJDWLRQ LQ WKLV UHVHDUFK ZDV
UHODWHG WR WKH ILQHWXQLQJ SURFHGXUH QHHGHG IRU WKH FDOLEUDWLRQ RI WKH FRQWURO DOJRULWKP SDUDPHWHUV ,Q
SDUWLFXODU DIWHU WKHPDQXDOO\ FRQGXFWHG ILQHWXQLQJ SURFHGXUH WKH UHFHQWO\ SURSRVHG OHDUQLQJDGDSWLYH
DOJRULWKP$)7ZDVDSSOLHGLQRUGHUWRVHHNIRUEHWWHUUHJXODWRUSDUDPHWHUYDOXHVZKLFKOHDGWRLPSURYHG
SHUIRUPDQFH RI WKH XWLOL]HG FRQWURO VWUDWHJ\ 7KH VLJQLILFDQFH RI WKLV LQYHVWLJDWLRQ LV WKDW WKH $)7

)LJD$YHUDJHYHKLFOHGHOD\IRUFRQWUROVFHQDULRE$YHUDJHYHKLFOHGHOD\IRUFRQWUROVFHQDULRF$YHUDJHYHKLFOHGHOD\IRUFRQWURO
VFHQDULR
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